OBJECTIVE -To assess the application of autologous transplantation of granulocyte colony-stimulating factor (G-CSF)-mobilized peripheral blood mononuclear cells (PBMNCs) in the treatment of critical limb ischemia (CLI) of diabetic patients and to evaluate the safety, efficacy, and feasibility of this novel therapeutic approach.
D
iabetes is a common chronic disease with significant morbidity and mortality. One devastating complication of diabetes is peripheral arterial disease (PAD) including critical limb ischemia (CLI), which may result in limb loss. There is no available permanent cure for diabetic CLI at present (1,2).
Several investigations have indicated that in patients with diabetes, the circulating endothelial progenitor cells (EPCs) exhibit impaired proliferation, adhesion, and incorporation into vascular structures. The adverse metabolic stress factors are associated with reduced number and dysfunction of EPCs (3,4). In response to tissue injury and remodeling, neovascularization usually occurs via the proliferation and migration of endothelial cells from preexisting vasculature (5). However, the EPCs resident within bone marrow and peripheral blood (6 -8) can also contribute to injury-induced and pathology-induced neovascularization. In animal models of diabetes, transplantation of bone marrow-or blood-derived EPCs has been shown to accelerate blood flow restoration, neovascularization, and healing of diabetic mouse skin (9,10). Therefore, therapeutic angiogenesis induced by transplantation of functional EPCs into ischemic tissues may represent a novel approach for diabetic patients with CLI.
Recently, Tateishi-Yuyama et al. (11) reported that the autologous transplantation of bone marrow mononuclear cells was safe and effective for achievement of therapeutic angiogenesis in patients with ischemic limbs and could significantly improve the clinical status in patients whose legs received injections of bone marrow mononuclear cells. Numerous other investigations have also demonstrated that transplantation of stem/ progenitor cells derived from other tissues can improve limb ischemia (5-10,12).
Here, we report an alternative, sim-ple, and effective therapeutic approach for diabetic CLI by autologous transplantation of granulocyte colony-stimulating factor (G-CSF)-mobilized peripheral blood mononuclear cells (PBMNCs). and were consecutively enrolled in a prospective, controlled clinical trial aimed at assessing the safety, feasibility, and efficacy of transplantation of G-CSFmobilized PBMNCs for the treatment of the diabetic patients with CLI. The patients were randomized (1:1) to either the transplant group or the control group. During the period of the trial, another 15 patients with diabetic CLI were invited to participate, but they declined to be enrolled into the study for various reasons.
RESEARCH DESIGN AND METHODS

CLI definitions
The definition of PAD was defined as ankle-brachial index (ABI) Ͻ0.90. CLI was severe PAD and defined as previously described (13) with 1) persistent, recurring rest pain requiring analgesia and an ankle systolic pressure 50 mmHg and/or toe systolic pressure 30 mmHg, and/or 2) ulceration, gangrene, or nonhealing wounds of the foot with ankle systolic pressure 50 mmHg or toe systolic pressure 30 mmHg. The Fontaine classification stratified patients as class III (rest pain) or class IV (ulceration and/or gangrene).
Administration of therapy
The patients received conventional care for their ulcers. To remove extensive callus and necrotic tissue, wound debridement was performed. After wound dressing, pressure relief was provided. Broad spectrum antibiotics were prescribed if ulcers showed clinical signs of infection. Adjustments to the treatment were performed when indicated on the basis of microbiologic cultures and sensitivity testing. The control patients received an intravenous injection of 90 -200 g/day prostaglandin E1. In the transplant group, the patients received treatment with 600 g/day recombinant human G-CSF (Kirin Pharmaceuticals, Tokyo, Japan) by subcutaneous injection for 5 days to mobilize stem/progenitor cells. Meanwhile, a perfusion of 10,000 units/day heparin for 5 days by intravenous drip was used to avoid the possible risks of embolism because of a G-CSFinduced increase of circulating blood cells (14, 15) . Then, ϳ300 ml suspension of blood circulating PBMNCs were collected from patients treated with G-CSF, through a Version 4 blood-cells separator (Cobe, Lakewood, CO) and concentrated to 1 ϫ 10 8 mononuclear cells/ml. Superfluous cells were frozen in liquid nitrogen for further use. Three hours later, each diseased lower limb was intramuscularly injected (40 sites, ϳ3 ϫ 3 cm distance, 1-1.5 cm deep, 7.5 ϫ10 8 mobilized PBMNCs per site) into thigh and leg with a total of 3 ϫ 10 9 mobilized PBMNCs. Forty days after transplantation, the severely diseased lower limb was given an additional transplantation of the same number of the cells frozen in liquid nitrogen as the first.
Data collection and assessment guidelines
Clinical data, medication, and safety laboratory data were prospectively collected, and follow-up visits were performed in a minimum period of 3 months. Specific attention was paid to any potential adverse effects specifically because of transplantation during follow-up. The criteria of Tateishi-Yuyama (15) and Oyibo (16) were used to assess limb status. Rest pains on rating scales ranged from 0 points for the best (complete relief of pain with no use of analgesics) to 4 points for the worst result. Assessment of pain-free walking distance used a constant speed on the same road in our hospital. ABI and blood flow (height of wave amplitude) of 10 toes were measured for all patients before and after treatment by Medacord personal vascular laboratory (Medasonics, Mountain View, CA) and the blood perfusion of lower limbs of the patients in the transplant group by laser Doppler (Lisca Developments, Linkö ping, Sweden) in a room adjusted for 21°C.
Angiographic analysis
The patients were subjected to analysis of digital subtraction angiography 1 week before and 12 weeks after treatment. The angiographic scores (11) for the formation of new collateral vessels were assessed as ϩ0 (no collateral development), ϩ1 (slight), ϩ2 (moderate), and ϩ3 (rich).
Analysis of CD34؉ cells
The method of the International Society for Hemotherapy and Graft Engineering was applied to determine the percentage of CD34ϩ cells in peripheral blood cells using FACSCalibur and CellQuest Pro software (Becton Dickinson, San Jose, CA).
Statistical analysis
Continuous variables are presented as means Ϯ SD. Changes in variables from baseline to week 12 were analyzed by the paired or two-tailed Student's t and 2 tests.
2 Analysis with likelihood ratio was performed. Statistical significance was assumed at a value of P Ͻ 0.05. All statistical analysis was performed with SPSS version 11.5 for Windows (SPSS, Chicago, IL).
RESULTS -On admission to our hospital, all the volunteers had at least one ulcer with severe rest pain and had difficulty ambulating and sleeping (Table 1) . In the transplanted patients, striking improvement of the main clinical manifestations was observed 3 months after injection of PBMNCs (Fig. 1A) . The scale of rest pain decreased from 3.86 Ϯ 0.36 to 1.07 Ϯ 0.92 points (P Ͻ 0.001) with a pain-free walking distance from 0.0 Ϯ 0.0 to 306.4 Ϯ 289.1 m (P ϭ 0.001). Eleven patients reported recovering normal sleep. In contrast, the scale of rest pain decreased from 3.79 Ϯ 0.43 to 2.86 Ϯ 1.17 points (P ϭ 0.013) with a pain-free walking distance from 0.0 Ϯ 0.0 to 78.6 Ϯ 142.3 m (P ϭ 0.059), whereas only six patients recovered normal sleep in the control group at 12 weeks. The number of ulcers healed at the end visit in the transplant group (14 of 18, 77.8%) was significantly higher than the control group (7 of 18, 38.9%, P ϭ 0.016). No lower limb amputation occurred in the transplanted patients, but five control patients had to receive a lower limb amputation (0 of 23 vs. 5 of 24, P ϭ 0.007).
Blood flow restoration
Increased resting ABI was observed after cell transplantation. At week 12, the number of lower limbs with increased resting ABI (Ͼ0.1) was 15 of 23 limbs (65.2%) in the transplant group, and this was significantly higher than in the control group (4 of 24 limbs, 16.7%, P Ͻ 0.001). In the transplant group, mean ABI increased from 0.50 Ϯ 0.21 at baseline to 0.63 Ϯ 0.25 (P Ͻ 0.001), the blood flow of 10 toes increased from 0.92 Ϯ 1.37 mm at baseline to 4.34 Ϯ 3.84 mm (P Ͻ 0.001), and the laser Doppler blood perfusion of lower limbs increased from 0.44 Ϯ 0.11 perfusion units at baseline to 0.57 Ϯ 0.14 perfusion units (P Ͻ 0.001) (Fig. 1B) . In contrast, mean ABI increased from 0.49 Ϯ 0.25 at baseline to 0.51 Ϯ 0.28 (P ϭ 0.223) and blood flow of 10 toes increased from 0.94 Ϯ 1.42 mm at baseline to 1.21 Ϯ 1.54 mm (P ϭ 0.104) in the control group.
Angiographic analysis
Analysis by digital subtraction angiography revealed a significant formation of new vessels after cell transplantation (Fig.  2) . At the end of visit, the number of ischemic limbs with rich new collateral vessels (ϩ3) in the transplant patients (10 of 13, 76.9%) was significantly higher than that in the control patients (2 of 11, 18.2%, P ϭ 0.003 compared with the transplant group).
Analysis of CD34؉ cells
In the transplant group, the percentage of CD34ϩ cells in PBMNCs before and 5 days after recombinant human G-CSF mobilization was 0.013 Ϯ 0.005 and 0.134 Ϯ 0.026% (n ϭ 14, P Ͻ 0.001), respectively. In the final suspension of G-CSF-mobilized PBMNCs, the percentage of CD34ϩ cells was 0.408 Ϯ 0.049%, as shown by FACS analysis.
Fasting plasma glucose level
During a 12-week follow-up period, all patients in the two groups received a constant fixed-dose insulin administration every day. After 12 weeks of treatment, the mean fasting plasma glucose level significantly decreased from 9.00 Ϯ 0.95 mmol/l at baseline to 6.12 Ϯ 0.97 mmol/l (P Ͻ 0.001) in the transplant group but slightly decreased from 8.42 Ϯ 1.20 mmol/l at baseline to 7.82 Ϯ 1.59 mmol/l (P ϭ 0.065) in the control group.
No side effects specifically due to transplantation were observed by measurement of ECG or dynamic ECG, ultrasound cardiogram, function of liver and kidney, or routine blood and urine parameters, etc., during a 12-week follow-up period. To date, four patients in the transplant group have been followed up over a 14-month period, and none have had a relapse.
CONCLUSIONS -Previous studies
have shown that the EPCs can be isolated from the peripheral blood of adult humans, mice, and rabbits and that G-CSF can mobilize peripheral blood CD34 ؉ , CD133
؉ , and KDR ϩ cells with the capacity to differentiate into EPCs that are further able to incorporate into newly forming blood vessels in pathological and nonpathological conditions (16 -20) . G-CSF mobilization is thus an alternative approach to collect a large number of stem/progenitor cells from peripheral blood for autologous transplantation in many diseases such as leukemia and solid cancer (21) .
We have recently reported that transplantation of G-CSF-mobilized autologous PBMNCs improves limb ischemia in patients with arteriosclerosis obliterans of lower extremities (22) . Therefore, we believed that the autologous transplantation of mobilized PBMNCs may be effective in the treatment of diabetic CLI. In this pilot clinical trial, we observed that many clinical manifestations in the transplanted patients were significantly improved after autologous transplantation of PBMNCs, including outcome of lower limb pain, pain-free walking distance, diabetic foot ulcers, API, and angiographic scores. The angina pectoris and embolism (13, 14) because of G-CSF mobilization and adverse effects specifically as a result of transplantation had not been found during a 12-week follow-up period. These results indicate that the autologous transplanta- Data are n or means Ϯ SD unless otherwise indicated. *P Ͼ 0.05.
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DIABETES CARE, VOLUME 28, NUMBER 9, SEPTEMBER 2005tion of mobilized PBMNCs is an effective and safe therapeutic approach for CLI in diabetes. In comparison with the method of Tateishi-Yuyama et al. (11), which requires a general anesthesia and an aspiration of a large amount of marrow (ϳ500 ml), the autologous transplantation of G-CSF-mobilized PBMNCs reported here is an alternative and sample therapy strategy for diabetic CLI.
The role of G-CSF administration in the healing process in diabetic patients with CLI is still unclear at present. It has been suggested that G-CSF by itself is possible to improve neovascularization and wound healing in ischemic diseases because of its ability to mobilize EPCs into peripheral blood (23) . G-CSF augments the differentiation of marrow cells into endothelial cells of blood vessels, resulting in early recovery of blood flow in the ischemic tissues (24) . However, some investigations reported that treatment by G-CSF improves symptoms but not signs of myocardial ischemia in patients with severe ischemic heart disease (25) . The adjunctive treatment with G-CSF for 3 weeks was well tolerated but could not significantly affect the clinical and biological parameters of the healing process in diabetic patients with severe limbthreatening infection (26) . We have also treated two patients with diabetic CLI G-CSF alone and have not observed obvious improvement of the main clinical manifestations at 12 weeks (data not shown). There are at least two possibilities to explain why G-CSF mobilization plus the transplantation of PBMNCs into ischemic local muscles can result in an excellent therapeutic effectiveness. The first is that the intramuscular injections of G-CSFmobilized PBMNCs into ischemic thighs and legs directly bring a number of EPCs into ischemic foci where the EPCs can initiate angiogenesis. The second is that a large number of transplanted PBMNCs can secrete in vivo in the injected sites several angiogenic factors to activate the EPCs nearby ischemic tissues to form new vessels and repair impaired vessels (7). The two possibilities may coexist in this therapeutic approach.
We were surprised to observe that transplantation of G-CSF-mobilized PBMNCs may also improve blood glucose metabolism in addition to an effective vascular and skin wound repair. The level of plasma glucose after cell transplantation was decreased in the transplant group of patients compared with control patients. In diabetic animal models (8,17,27), evidence has been provided that in the animals with induced ␤-cell injury, transplanted bone marrow EPCs were detectable throughout the pancreas after cell transplantation, suggesting that EPCs are recruited to the pancreas in response to islet injury and that EPC-mediated neovascularization of the pancreas could in principle facilitate the recovery of nonterminally injured ␤-cells (27) . Recently, reports of the potential existence of pancreatic stem cells and their utility in rescuing the diabetic state further raise the same possibilities of generating insulin-producing ␤-cells as well as other cell types of the pancreatic islet from a stem cell (28) .
In conclusion, we have developed a simple, safe, and effective therapy for diabetic CLI. Future studies are needed to evaluate precisely the efficacy of this therapy in a large number of patients and to determine the mechanism of action in provoking therapeutic angiogenesis, blood glucose metabolism improvement, and repopulation of ␤-cells. 
